transplantation studies in PD have been extended to other conditions such as HD and spinal cord regeneration. Among the challenges associated with any transplantation protocol are source and preparation of donor tissue, surgical protocol, posttransplantation hypoxia, local toxic factors such as free radicals and excitatory amino acids, deprivation of NTFs, necrosis, and neuronal apoptosis. Any factors found to alleviate these limitations will have a significant impact on the cell transplantation protocol in any neurodegenerative disease. The use of frozen cellular preparations in our human stroke trials has enabled us to have a shelf-life of the graft tissue.
FUNDAMENTAL ISSUES

Tissue Availability
An important issue in brain cell transplantation is the availability and suitability of tissues obtained in aborted fetuses. Despite the obvious ethical concerns, basic scientific investigations and clinical studies are still in progress, and many questions have yet to be answered. For example, in an extensive study of five tissue banks funded by the National Institutes of Health, only seven of approximately 1500 embryonic donors were considered suitable for transplantation in patients with PD. 8 The authors of more recent studies have shown that the use of multiple donors or tissues obtained in first-trimester aborted fetuses are not absolute requirements to generate long-term survival of human brain grafts. Furthermore, of great promise is the current work with stem cells, neuronal precursors, and cell lines that may soon replace the use of primary human brain cells as the main donors. The value of cryopreservation has been questioned by some who argue in favor of in vitro processing. Longer-term graft preservation has remained a problem. Those involved in the University of Pittsburgh stroke transplantation trial were the first to use a cryopreserved cell line in patients. Another approach is to maintain fetal cells as aggregates in longterm suspension cultures that may even allow their expansion. 37 This approach, however, may not be feasible for processed neuronal cell lines.
There are benefits to preimplantation in vitro processing of brain cells. First, processing may select for a viable better-characterized neuronal donor population. Second, it can help identify the donor glial-neuronal interactions that are critical in vivo, potentially protecting the graft from detrimental host reactions. Third, it can offer a setting for trophic and genetic manipulations that can enhance in vivo survival and integration. Finally, neuronal apoptosis in fetal grafts is well described and appears to be significant during the first 10 to 15 days postimplantation. 23 The mechanisms of neuronal death are predominantly mediated by caspases, and inhibitors of this process may have important benefits in improving the viability of the grafts.
34
Immunosuppression and Graft Success
Investigators in current clinical trials have explored the need for immunosuppression and the relative contribution of the graft compared with the host response in promoting cell grafting. In 1991 the theory that immunosuppression may not be necessary was tested in a landmark study by Henderson, et al. 17 In 12 patients with advanced PD in whom grafts were implanted in the caudate nucleus, these authors found long-term clinical benefits in the absence of immunosuppression. Recent work has shown successful tissue grafting without immunosuppression. Most agree that xenografts require long-term immunosuppression. The role of immunosuppression in transplantation after stroke has not been evaluated fully. We have used limited (2-month) or longer (6-month) periods of immunosuppression after cellular implantation in cases of stroke.
Based on various clinical trials involving fetal mesencephalic tissues, one of the most interesting observations is that the grafts appear to survive for long periods of time even if the underlying disease affecting the host dopaminergic neurons does not change its course. When we overcome problems in generating reliable, high-quality, thoroughly assessed grafting material, cell transplantation could become a standard adjuvant to drug therapy or deep brain stimulation in patients with PD.
It has become increasingly clear that the reaction of the host parenchyma to the fetal graft is the decisive factor in determining its survival, integration, and functional benefit. Since the initial studies involving murine models of neurotransplantation, investigators have suspected that part of the functional benefit may be due to the host's reaction to the graft or to surgical manipulation. Not surprisingly, growth and trophic factors or other molecules produced by the host reactive neuroglial millieu are prime candidates as mediators of these effects. The effects of the host-guided migration of donor-derived neurons to selective targets have been convincingly demonstrated. 9 Nonetheless, the opposite may be as important clinically; that is, host sprouting in a dopaminergic graft may be specific and extensive. The most intriguing observations were made in the 1-methyl-4phenyl-1,2,3,6-tetrahydropyridine model of PD. Bankiewicz and colleagues 3 have demonstrated in a long-term study of hemiparkinsonian monkeys that cavitation alone leads to similar clinical improvement as implantation of an autograft composed of dopaminesecreting adrenal medullary chromaffin cells. Furthermore, they reported similar results following implantation of fetal amnion. Results of both studies suggest strongly that the regenerative capacity of the host brain plays a primary role in functional recovery, at least in this primate model of PD.
Among the most prominent but least understood reactions of the host to the graft is the microglial response. It is known that reactive microglia are important immune mediators of antigen-presenting cells that infiltrate the grafted tissues. 31 Still, the authors of several recent reports have suggested that their presence and less-defined activities are critical for the survival of the graft and host brain regeneration. Microglia react to injury, usually by responding to and producing NTF. 10 Furthermore, other growth factors produced by microglia, such as hepatocyte growth factor, have been shown to have neurotrophic activities in the CNS. 15 Finally, in a direct experiment, activated macrophages transplanted into an injury site within the CNS were crucial in triggering a regenerative cascade. In vivo, nigrostriatal dopaminergic neurons develop neurites around the wound or graft, and this process appears to correlate with production of NTF by activated D. Kondziolka, et al. macrophages and microglia. For these reasons, the supportive role of the surrounding host neuroglial environment and associated neurotrophic support are crucial to promoting graft survival and differentiation.
CEREBRAL INFARCTION
Transplantation of human neuronal cells is a new approach for ameliorating functional deficits caused by CNS disease or injury. Several investigators have evaluated the effects of transplanted fetal tissue, rat striatum, or cellular grafts into small-animal stroke models. 7 One of the best studied models of brain ischemia is the murine hippocampal stroke that results in well-defined lesions, especially in the CA1 region. The standardization of this model is invaluable to the reliable testing of various experimental protective and regenerative therapies. Among them, investigations involving cell transplantation of fetal hippocampal neurons have determined that they can survive and integrate in the ischemic brain.
2 Methodological issues remain to be resolved because the authors of subsequent studies have questioned the capacity of rat fetal neocortical tissues, implanted in an infarcted area, to integrate in the surrounding host tissue.
14 It has been shown, however, that the chronic ischemic region can support graft tissue.
Because the widespread clinical use of primary human tissue is likely to be extremely limited as a result of ethical and logistical difficulties inherent in obtaining large quantities of fetal neurons, there has been considerable effort to develop alternate sources of human neurons for use in transplantation. One alternate source is the Ntera 2/cl.D1 human embryonic carcinoma-derived cell line. These cells proliferate in culture and differentiate into pure postmitotic human neuronal cells (LBS-Neurons; Layton BioScience, Sunnyvale, CA) upon treatment with retinoic acid. 30, 39 Thus, Ntera 2/cl.D1 precursor cells appear to function as CNS progenitor cells, possessing the capacity to develop diverse mature neuronal phenotypes. When transplanted, these neuronal cells survive, extend processes, express neurotransmitters, form functional synapses, and integrate with the host. 1, 19 The final product is greater than 95% pure populations of human neuronal cells that appear virtually indistinguishable from terminally differentiated postmitotic neurons. 40 The cells are capable of differentiation to express different neuronal markers characteristic of mature neurons, including all three neurofilament proteins (subunits L, M, and H); microtubuleassociated protein 2, the somal/dendritic protein; and tau, the axonal protein. Their neuronal phenotype makes them a promising candidate for replacement in CNS disorders as a virtually unlimited supply of pure postmitotic, terminally differentiated human neuronal cells. In support of different mechanisms for efficacy, the authors of animal studies in which LBS-Neurons were transplanted have demonstrated graft survival, mature neuronal phenotype, and integration into host brain in vivo. 40 Because these cells derived from a cancer cell line, safety testing in rodent and primate models was imperative before instituting clinical trials. No evidence for malignant transformation has been identified in any experiment involving this cell line.
In patients disabled by stroke, the concept of restoring function by transplanting human neuronal cells into the brain is novel. 6 Researchers studying a rat model of transient focal cerebral ischemia have demonstrated that transplantation of fetal tissue restored both behavioral and motor functions. 28 Borlongan and colleagues 6, 7 were the first to show that LBS-Neuron graft could also reverse the deficits caused by stroke. Preclinical studies of LBSNeurons were conducted in a model of transient focal, rather than global, ischemia to maximize the chances of functional recovery. In animals implanted with LBS-Neurons (and that received cyclosporine treatment), amelioration of ischemia-induced behavioral deficits was evident throughout the 6-month observation period. The authors reported demonstrated recovery in the passive avoidance test, as well as recovery of motor function in the elevated body swing test. In comparison, in animals in control groups receiving transplants of rat fetal cerebellar cells, medium alone, or cyclosporine, no significant behavioral improvement was demonstrated. In a second study in which they evaluated response in comparison with the number of cells transplanted, the authors confirmed the efficacy of transplanted LBS-Neurons in reversing the behavioral deficits resulting from transient ischemia in a middle cerebral artery occlusion rat model.
The initial objective of the first 12-patient clinical study performed at the University of Pittsburgh was to demonstrate the safety and feasibility of the neuronal cell implantation procedure. 20, 38 This goal was met; no implantrelated adverse events have occurred in at least 24 months of follow up. The adverse events that did occur in these patients were thought to be unrelated to the implantation of the neuronal cells and can be considered typical of a population with known cardiovascular disease and advanced age. This study was also intended to provide some information on the efficacy of neuronal cell implantation in improving stroke-related neurological deficits. In both treatment groups, mean National Institutes of Health Stroke Scale total scores decreased and mean European Stroke Scale total scores increased; both changes indicated improvement. With regard to European Stroke Scale scores, the increases tended to be larger in the group of four patients receiving six million cells, both in the total scores and in the composite motor subscale scores. Both the Barthel Index and the Short Form-36 scores decreased in the group receiving two million cells and increased in the group receiving six million cells. All outcome measurements were consistent in identifying a trend toward improved scores in the group of patients in whom six million neuronal cells were transplanted. The results of 18 F fluorodeoxyglucose-positron emission tomography studies also provided a suggestion of efficacy, in that increased activity at the area of the stroke was seen in six patients, including improvement in contralateral cerebellar hypometabolism. 20, 26 On autopsy examination performed 27 months following cell implantation in one patient, persistence of grafted neuronal cells at the target was observed. 27 This patient had died of an unrelated medical illness. The graft site did not show signs of inflammation. This patient had experienced no clinical improvement after transplantation.
Neuronal cell implantation could improve neurological function through a number of different mechanisms: provision of neurotrophic support (acting as local pumps to support cell function), provision of neurotransmitters, reestablishment of local interneuronal connections, cell differentiation and integration, and improvement of regional oxygen tension. The LBS-Neurons release high levels of glial-derived NTF after transplantation into rats with stroke (Borlongan, et al., personal communication) . Transplanted cells also may act to limit the reactive glial response as well as retrograde degeneration, although this may be less feasible in cases of chronic injury. We believe that axonal reconnections established through the grafted cells (serving as a "bridge") over large distances is less likely, although this phenomenon has been observed in spinal cord injury models. A Phase II dose-response trial was completed recently in which the authors evaluated further the role of neurotransplantation in patients with chronic motor deficits caused by infarction in the basal ganglia region.
At present, we are designing a third clinical trial to evaluate factors such as patient age as well as the need for immunosuppression on cellular implantation for basal ganglia stroke. Cell therapy has not yet become a treatment available to patients outside of research protocols. Our current inclusion criteria remain for basal ganglia stroke, although work is progressing in an evaluation of the safety of cortical transplantation. It is important that investigators in future trials compare implant-treated patients with control patients in whom no implant is placed. The natural history of stroke is poorly documented. Because no real treatment has been available, few patients have been systematically followed over extended time periods. In all patients enrolled in our studies stability and no improvement in their clinical condition in the months prior to randomization had been documented.
DELIVERING CELLULAR SUPPORT
In our opinion, the most important factor deciding the fate of the future graft is the trophic support offered by the intrinsic milieu, the host environment, or administered in vivo postgrafting. Neurotrophic factors have been the focus of intense studies in which they have been discussed as therapeutic agents in neurodegenerative diseases. 16 Growth factors are crucial in the differentiation of neural progenitor cells or, in general, less differentiated cells that are abundant in the fetal grafts. Hepatocyte growth factor is only one of the newer trophins for the CNS. Today, the family of growth and trophic factors proposed to affect the survival and development of neuroprogenitor cells is probably the largest in this ever-expanding field. Factors such as cytokines, once considered to be exclusively neurotoxic (for example, transforming growth factor) are now studied for neurotrophic properties. Among them, leukemia inhibitory factor and ciliary NTF, in addition to more traditional growth factors such as platelet-derived growth factor, are considered to be potent promoters of neuroprogenitor cell proliferation and eventually differentiation. 24 In vivo, reactive astrocyte-induced ciliary NTF can prevent the degeneration of dopaminergic neurons in adult rats. Astrocytes and endothelial cells surrounding or infiltrating the transplant are susceptible to the effects of platelet-derived growth factor, which may control the survival of graft through neovascularization.
Brain-derived neurotrophic factor has been shown to have marked potency in modulating the growth and survival of dopaminergic cells and their precursors. It is now widely accepted that the pluripotent BDNF and its highaffinity receptor trkB are widely distributed both in the developing and mature nervous system. Among the most exciting new discoveries in the field of NTF research is the ability of BDNF to be transported in an anterograde fashion. It was shown, for example that in development, BDNF produced by dorsal interneurons stimulates the proliferation and differentiation of motor neuron progenitors after anterograde transport. 18 One of the most important implications of anterograde transport of BDNF is probably its participation in synaptic transmission and its role in postsynaptic differentiation. Currently, BDNF is most useful in cell transplantation to promote dopaminergic differentiation preimplantation.
Glial-derived neurotrophic factor has similar or even enhanced trophic functions on dopaminergic neurons and their precursors. In vivo, GDNF has also been shown to be relatively potent in animal models of dopaminergic protection or regeneration; however, results in human clinical trials have not been so encouraging. 21 Nonetheless, its potential use in PD has made GDNF the prime candidate for neurotrophic treatments in association with fetal mesencephalic transplants of dopaminergic neurons. A related member of the transforming growth factor-␤ family, GDNF was first identified and characterized in 1993. The authors of in vivo studies involving fetal mesencephalic grafts showed that injections of GDNF in the vicinity of the implant-treated rat brain resulted in significantly increased survival and growth of tyrosine hydroxylase-positive cells accompanied by marked functional improvement. 32 As previously noted, the neuronal cells used in our stroke studies have been shown to release GDNF, which may represent a primary effect of the cell transplants.
Stem Cells and Neuronal Precursors
Recent advances in our ability to manipulate embryonic stem cells have created a new spectrum of potential therapies in tissue regeneration in general and brain in particular. They have also reignited the interest in brain stem cells and neuroprecursors that show many analogies with the considerably better-characterized hematopoietic system. 33 The definition of brain stem cells in relation to neural precursors is increasingly more precise and tends to delineate better the distinction between totipotent, multipotent, and lineage committed. Excellent reviews concerning the immense potential of stem cells in regeneration were recently published. 11, 41 Findings that stem cells are present not only in the developing brain but also in the adult brain have further contributed to the tremendous interest in the potential for CNS regeneration.
The authors of many early studies reported successful harvesting of progenitor cells from various regions of the brain (the subventricular zone being the most popular) that can be expanded in vitro and then differentiate in vivo into functional neurons. 36 The challenge remains to identify better neural progenitor cells and understand the mechanisms of growth and differentiation from embryonic stem cells. An important characteristic of neuroepithelial stem cells, which were described more than a decade ago and D. Kondziolka, et al. are still widely used, is expression of the intermediate filament protein, nestin. 22 More recently, new markers of neuronal progenitor cells, conserved in their evolution and useful for early lineage selection, include Musashi-1 and an epitope recognized by the 2F7 monoclonal antibody. The mechanisms of progenitor cell maturation appear to be similar in various brain regions and seem to depend primarily on a cascade of signals mediated by specific combinations of growth factors 25 and molecules (such as noggin) that can modulate their activity.
Regardless of their origin, fetal or adult, neural precursor cells show much promise in brain repair. 12, 37 They can survive and differentiate in the lesioned host brain, although it seems that their predominant differentiation in vivo, posttransplantation, is along the astrocytic lineage. Not surprisingly, the migration and differentiation of the grafted precursor cells is significantly influenced by local cues that may even overcome the in vitro manipulations. Nonetheless, the potential for in vivo survival of grafted neural precursor cells can be fully exploited when they are used as platforms for gene delivery or engineered to modulate the NTF environment in the host brain. Such work has not yet been performed in the setting of stroke, but we hope that appropriate clinical trials will be planned soon.
CONCLUSIONS
Tremendous achievements in neuroscience over the past three decades have provided a solid foundation for basic and clinical research in stroke neurotransplantation. Restorative neurosurgical procedures will likely include a combination of approaches to maximize patient outcomes. We believe that cerebral infarction and selected neurodegenerative disorders are appropriate initial candidates for this research.
